We present a case of unilateral internal carotid artery (ICA) agenesis with trans-sellar anastomosis associated with a right aortic arch, and discuss the embryonic development and clinical implications of this condition. A 26-year-old woman without significant medical history was referred to our hospital complaining of tinnitus. She denied any other symptoms, and examination did not reveal any other neurological deficits. Radiological examinations showed agenesis of the right ICA with trans-sellar anastomosis, and a right aortic arch. This vascular configuration reflects the anatomical homology with avian vascular structure. Recognition of this anomaly has important implications for clinical situations, such as the planning of carotid or transsphenoidal surgery, the management of thromboembolic disease, and the surveillance and detection of associated cerebral aneurysms.
Introduction
Agenesis, aplasia, and hypoplasia of the internal carotid artery (ICA) are extremely rare congenital anomalies, occurring in less than 0.01% of the population. 1 Agenesis of the ICA is a developmental anomaly that occurs before the 24-mm stage of embryonic growth. 2 In the majority of reported cases, the collateral circulation to the ipsilateral intracranial arteries is from the contralateral ICA and the vertebrobasilar system via the circle of Willis. Lie classified six basic patterns of collateral circulation in cases of agenesis, aplasia, or severe hypoplasia of one or both carotid arteries. 3, 4 This classification divides unilateral ICA agenesis into type A (most common), type B, and type D (least common). 5 Type D reflects unilateral agenesis of the cervical portions of the ICA, with a trans-sellar communication from the contralateral cavernous ICA to the ipsilateral carotid siphon.
To our knowledge, only 22 previous cases of congenital absence of the ICA with a trans-sellar collateral circulation have been reported. We present here a case of agenesis of the right ICA with transsellar collateral circulation and a right aortic arch. The imaging findings and embryonic development are discussed.
Case report
A 26-year-old woman with no significant medical history was referred to our hospital complaining of tinnitus. Examination did not reveal any neurological deficits. Brain magnetic resonance imaging (MRI) did not show any abnormality to explain tinnitus. Threedimensional time-of-flight MR angiography showed an aberrant vessel arising from the left supraclinoid ICA ( Figure 1 ). The right carotid siphon received blood flow via the intercavernous collateral vessel arising from the left ICA and coursing anterior to the sella turcica. The A1 segment of the right anterior cerebral artery (ACA) was visualized ( Figure 1 ). The right middle cerebral artery (MCA) was a continuation of the right supraclinoid ICA. Computed tomography (CT) angiography also showed absence of the right ICA except for supraclinoid portion ( Figure 2 ). No aneurysm was observed. The A2 segment of the ACA was unpaired ( Figure 2 ). CT angiography of the aorta showed an aberrant left subclavian artery and a right aortic arch ( Figure 3 ). Non-contrast CT showed absence of the right petrous carotid canal ( Figure 4 ).
Discussion
To our knowledge, this is the first reported case of type D agenesis of the ICA associated with a right aortic arch. Only 22 cases of congenital absence of the ICA with trans-sellar anastomosis (type D agenesis) have been reported to date (Table 1) . Moreover, an aberrant left subclavian artery arising from a right aortic arch is extremely rare (0.05-0.1% of the population). 24 Interestingly, this vascular architecture is common in birds. Baumel and Gerchman dissected the intrasphenoid and intrasellar segments of the cerebral carotid arteries in 82 specimens of birds, 25 representing 21 avian orders, and found that they all had welldeveloped trans-sellar anastomoses except for passerine birds of the suborder Tyranni. Trans-sellar anastomosis is characteristic of vertebrates including fishes and reptiles. This characteristic is particularly widespread in birds, the majority of which also have a right aortic arch. The fourth aortic arch persists on the left side in mammals, whereas it persists on the right side in birds to form an aortic arch that is a mirror image of those in mammals. We speculate that some overlap in the development of these homologous structures resulted in this rare developmental anomaly of our case.
Baumel and Gerchman thought that the internal carotid anastomoses in birds were homologous with the inferior hypophyseal arteries in humans. 25 However, in some cases, including the present case, the origin of the anastomotic vessel is distal to that of the inferior hypophyseal artery. The origins of the collateral vessels therefore seem to be divided into two subtypes: those originating from the C2 segment in the siphon, and those originating from the C5 segment. These subtypes seem to reflect the segment where the agenesis occurred. According to Lasjaunias and Santoyo-Vazquez, 26 the ICA is formed by seven distinct segments. Agenesis may occur in any of these segments, and agenesis of one segment leads to regression of all segments proximal to the anomaly. It also appears that the embryonic vessel immediately distal to the missing segment is not a suitable entry point for vascular rerouting; therefore the next (more distal) embryonic vessel may become the source of compensatory arterial flow for the ICA territory. 26 One subtype reflects agenesis distal to the fourth segment, and the other reflects agenesis proximal to the third segment.
In the former type that has the collateral origin at C2 portion, the origin of the anomalous intercavernous vessel is the superior hypophyseal artery or the anterior capsular artery, as described by McConnell. 27 Moon et al. proposed that a hypertrophic anterior capsular artery was the most likely, 18 because of the anterior location of this vessel in the sella, as in our case. However, the anterior capsular artery and the superior hypophyseal artery are not included in the embryonic segments described above. If these are uncounted segments of the embryonic ICA, there may be more than seven segments. In the latter type that has the collateral origin at C5 portion, which is more common (see Table 1 ), the origin of the anomalous intercavernous vessel is either the primitive maxillary artery or the fusion of the primitive trigeminal arteries. Lie first proposed that this origin was from the fusion of two primitive trigeminal arteries, which formed the dorsal meningeal artery. 3 When the artery courses through the dorsal portion of the sella, as described by Tracy, 23 it may reflect an enlarged dorsal meningeal artery derived from the trigeminal artery. More recently, this artery has been thought to result from persistence of an unusual origin of the primitive maxillary artery, which becomes an inferior hypophyseal artery. 26 Another possibility is that this artery is formed by hypertrophy of an inferior capsular artery.
In Lie's original description of type D agenesis of the ICA, 3 both the trans-sellar vessel and ipsilateral A1 supplies the ipsilateral MCA and ACA, as in our case. However, the A1 segment of ACA is hypoplastic or missing in majority of the reported cases. According to Padget's description, 2 the ICA originates from the terminal segment of the dorsal aorta and the third aortic arch at the 3 mm embryonic stage. Afterwards the ACA can be clearly identified at the 16-18 mm stage at the several months. If no ICA is present during the development of the skull, beginning in the 5th or 6th week of gestation, no carotid canal develops. Because of the absence of the carotid canal in the present case, ICA agenesis would have occurred before the development of ACA. In this case, the left A1 segment developed probably because the intercavernous collateral was not enough to perfuse the hemisphere.
In the absence of an ICA, the incidence of intracranial aneurysms increases to between 25% and 34%, 28 compared with the usual incidence of 1-5%. 29 Increased flow through the collateral vessels and altered flow dynamics are cited as plausible explanations for this increased incidence of aneurysms. 19, 28 Six of the 23 reported cases including our case (26.0%) with type D agenesis of the ICA had cerebral aneurysms. Close investigation of such patients is advised because of this documented increase in the frequency of aneurysm formation. If this case had cerebral aneurysm, cerebral angiography and/or neuroendovascular treatment might be required. Special attention would be needed via transfemoral approach for the right aortic arch, because of the risk of Kommerell's diverticulum rupture. Kommerell's diverticulum is the remnant of the left dorsal aortic root, presenting with an aberrant subclavian artery. 30 Once it ruptured, high mortality rate was reported. 31 In addition recognition of this anomaly is important for preventing misdiagnosis of atherosclerotic occlusive disease, and for planning transsphenoidal surgery for pituitary adenomas. 11, 15 
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